The following is an account of an investigation into the relations betw een potential difference, spark-length, and pressure w hen d is charge takes place betw een two parallel plates in air. The in vestigation was undertaken a t the suggestion of Professor J. J . Thomson, and has been carried out in th e Cavendish L aboratory in Cambridge.
Introductory.
The following is an account of an investigation into the relations betw een potential difference, spark-length, and pressure w hen d is charge takes place betw een two parallel plates in air. The in vestigation was undertaken a t the suggestion of Professor J. J . Thomson, and has been carried out in th e Cavendish L aboratory in Cambridge.
P relim inary experim ents were m ade in J u ly and A ugust, 1890, in which a small W im shurst m achine was used, and th e potential difference was m easured by one of L ord K elvin's vertical electro static voltm eters.
F o r sparks of some length fairly consistent results were obtained, bu t in th e case of short sparks accurate m easurem ent of the potential difference was difficult. Use was then made of a large num ber of small secondary cells, and, a t the same time, more accurate m easurem ents of the spark-length were made. A t first about 500 cells were used, so th a t steady potential differences, ranging up to about 1,000 volts, could be m aintained, and sparking differences up to about 0T mm. were examined. The results of these experim ents showed very fair agreem ent w ith those of other observers; they were sufficiently consistent among them selves to show th a t the cells could be relied on. M ore cells were therefore set up, and all were carefully tested as to equality, rate of fall of charge, &c.
A pparatus was then constructed by w hich discharge a t different pressures could be examined. D escription of this apparatus, which is sketched in fig. 1 , and an account of the m ethod and results of observations made w ith it in Ju ly and August, 1891, are given in P a rt I below. A t first some difficulty was found in m aking the bellja r and its connexions sufficiently air-tight, but when th is was over come an effect sim ilar to th a t observed by De la Rue and M uller in discharge in exhausted tubes became a p p a re n t; th a t is, it was found that, as the pressure diminished, the potential difference required to produce a spark across a given distance fell to a minimum value, and then began to increase rapidly. To examine this effect more fully, o the observations were confined to pressures ranging from 20 to n 2 B .Peace. Potential Difference required [ 300 mm. of mercury, the water-pump which was used, and the stuffing-box through which the sparking distance was adjusted, not adm itting of observations a t lower pressures. The results of these observations are tabulated below, and appear in the curves in figs. 2, 3, and 4. W hen these results were examined and compared, it was found th at the curves connecting potential difference and pressure not only exhibited the minima above mentioned, but also crossed each other, showing th a t at low pressures the shorter spark required the greater potential difference. As this seemed a point of some importance, it was decided to make a more direct investigation, and w ith this view apparatus was constructed and observations made in April, 1892. This apparatus is described, and the results obtained are recorded in P a rt I I below. The observations were confined to pressures ranging from 2 or 3 up to 50 mm. of mercury, and the results confirmed and extended those formerly obtained.
A sketch of the apparatus used is given in fig. 1 . An inverted bell-jar, communicating w ith a water-pump, had its m outh ground and fitted w ith a brass cover, C. This cover carried the attachm ents of the discharge plates P, P, and the micrometer screw S. The screw had a pitch of inch, and its head was graduated in hundredths of a revolution. A short steel rod, fixed to the sliding frame of the screw and working through a stuffing-box in the centre of the cover C, carried an insulating block, to which .the upper discharge plate could be readily attached. The lower plate was fixed to an ebonite disc which was rigidly suspended from the cover C. The plates were of brass, highly polished, and were about 2 § inches in diameter. The lower plate was plane, the upper was slightly convex, having a radius of curvature of about 9 inches. Short flexible wires passed from the plates to insulated term inals passing through the cover. Prom these term inals leads passed to m ercury cups, M, by which connexion could be made, on the one hand with the leads of the telephone T, and, on the other hand, with leads passing to the secondary cells and to the voltmeter.
The cells were arranged in groups of eighteen in series; for charging, the groups were arranged in p arallel; for spark discharge they were arranged in series, while the leads passing to M could be connected to the term inals of any required number of cells. In the discharge circuit there were also a simple make-and-break key and a very high resistance, the latter to prevent the setting up of an arc discharge between the plates. This resistance was usually a blacklead line on a strip of ebonite. 
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The path from the bell-jar to the pum p passed th ro u g h sulphuric acid, and was also connected to a m ercury gauge, G. A ir could be adm itted to the jar through th e stop-cock K, a fter passing through cotton wool and sulphuric acid.
The following was th e usual course of a series of observations:-W hile the cells were charging, which generally occupied about one half hour, the plates were polished and fixed in position, the cover fitted to th e m outh of th e bell-jar, and th e pum p p u t in action. The screw reading for contact of the plates was taken, the upper plate being moved downwards till contact took place and completed the telephone circuit. The plates were set a t any required distance apart, the upper plate being, in all cases, moved downwards to its final position.
W hen the cells were charged they were allowed a few m inutes to reach a steady state and were th en joined up in series, and various groups of 500 tested by the electrostatic v o ltm eter; in this, the sm allest weight being used, one scale division read 50 volts, so th a t direct reading gave ten tim es the voltage of a single cell. This measure m ent was repeated a t intervals during each experim ent, and only those observations were preserved in which th e cells either rem ained practically constant, or fell in potential difference so slowly and uniformly th a t accurate allowance could be made.
The plates being now a t a known distance and the air at a known pressure, regulated by the pum p on the one hand and the stop-cock K on the other, the num ber of cells connected to the plates, always a t first well under w hat was required to produce discharge, was gradu ally increased un til the spark passed, and the potential difference was taken as being proportional to the num ber of cells. The obser vations were made for a series of pressures ranging from 20 to 300 mm. of mercury.
W hen the apparatus was first used, a fixed potential difference was given to the plates, and the pressure gradually lowered until a spark passed. W hen, however, it was found that, in certain circumstances,, a diminution of pressure required an increase of potential difference this method was abandoned, and th at described above was adopted.
W ithin the specified range of pressure a considerable number of observations were made in Ju ly and August, .1891, for spark-lengths corresponding to 2, 5, 10, 20, 40, 100, 200 , and 400 divisions of the screw head. The mean results of these observations are given in the following tables. Each table represents the mean of a t least three series of observations, taken at considerable intervals of time, and generally showing very close agreem ent w ith each other.
From the observed potential difference the electrostatic force has been deduced, th a t is, the potential difference (in electrostatic units) per centimetre of spark-length. The electrostatic force is given in the th ird column of the following tables, the first column containing the air pressure in millimetres of mercury, and the second the potential difference in volts, while d is the spark-length, as measured above.
The tables are represented by the curves of figs. 2 and 3, fig. 2 showing the connexion between potential difference and pressure for various constant spark-lengths, and fig. 3 showing the connexion between electrostatic force and pressure for the same spark-lengths. From these are deduced the curves in fig. 4 20  426  278  20  421  138  30  393  265  30  383  126  40  373  244  40  365  120  50  360  236  50  355  116  60  352  231  60  355  116  70  344  225  70  360  118  80  340  223  80  369  121  90  336  220  90  380  125  100  334  218  100  390  128  120  334  218  120  416  136  140  340  223-140  442  145  160  348  228  160  470  154  180  358  235  180  491  161  200  374  245  200  515  169  250  414  271  250  573  192  300  456  300  300  626  205 Curves E, fig. 2, and E, fig. 3 . d = 0*008 in.
Curves F, fig. 2, and F, fig. 3 and pass above each other, or, which is the same thing1 , the curves in fig. 4 , showing the relation between potential difference and sparklength for given pressures, also exhibit m inima. This effect, though appearing consistently, was not very distinctly marked, b u t there were indications th a t it would be more apparent at lower pressures, and, therefore, it was thought advisable to submit it to more direct investigation. F o r this purpose new apparatus was fitted up, as described below.
The apparatus used is sketched in fig. 5 . Two pairs of plates a t different distances apart, hut w ith same air pressure, were arranged in parallel, so th a t an alternative path was offered5 to the discharge. The two pairs of plates were enclosed in two small receivers. The lower plate in each rested on an insulating stan d ; the upper plate was supported and separated from the lower by sm all'thin discs of ebonite, mica, or glass. The four plates used were plane, and the thickness of the separating discs, as measured by the screw calipers, is taken as the length of the spark. The receivers rested on well-ground brass base plates, into each of which were sealed two narrow glass tubes, containing mercury, and having sealed platinum wires passing to the outside ; flexible wires passed from the dischargeplates and dipped into the mercury in the tubes. One of these tubes served also, in each case, to give connexion with the pumps. Two pumps were used, the water pump for rapid exhaustion to about oO or 40 mm. of mercury, the m ercury pum p for lower pressures. Pressures of from 2 to 3 mm. of mercury were easily reached, and could be maintained for any length of time. To the Coils.
The platinum wires, in connexion with the plates, dipped into mercury cups in the paraffin blocks Ni and N2; from these leads passed to the block M, where either one pair of plates, or both, could be connected to the leads passing* to the cells. The cells were used in the same m anner as before; the potential difference, however, instead of being reckoned as proportional to the number of cells applied, was measured directly by a cylinder quadrant electrometer. This wras used in order to avoid a fresh examination into the uni formity of the cells.
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The apparatus was set up, and th e observations tabulated below were m ade in A pril, 1892. These observations w ere confined to pressures lowrer th a n 50 mm. In each case the two pairs of plates had air-gaps of very different length, so th a t each series of observations am ounted to a determ ination of two separate potential difference and spark-length curves. The sparks w ere separately examined, until pressures w ere reached a t w hich the potential differ ences necessary for discharge becam e nearly equal, and th en th e two pairs of plates were sim ultaneously connected to the cells. The crossing of the potential difference curves was th u s directly verified, a slight low ering of the pressure tra n sfe rrin g the discharge from the shorter to the longer air-gap.
The plates used in this experim ent were, all four, plane and polished. Two were of brass, one of copper, and one of zinc. W hen the different plates were interchanged betw een the long spark-gap and the short, no difference was observed in the po ten tial difference required for discharge at given difference and air-pressure. T h at there m ight be no doubt as to w hether the discharge was passing actually between the plates, or was ta k in g a longer p a th from edge to edge, the edges of the plates were only very slightly rounded off. A t low pressures there was considerable tendency to a brush discharge from the edges, but this was considerably reduced by an extrem ely thin coating of shellac varnish.
The results given below are those of th ree single series of observa tions made on A pril 21, 22, and 23, respectively. A ll of these were repeated on the same or other days, and in all cases there was alm ost exact agreem ent. F or convenience of reference these series are called A, B, and C, the suffix 1 referring to the left-hand, and the suffix 2 to the right-hand, spark-gap. As in the form er case, the tables give corresponding pressure, po ten tial difference in volts (V ), and electrostatic force in C.G.S. units (F ). Curves, sim ilar to those given in fig. 2 and 3 , representing potential difference and pressure, and electrostatic force and pressure, are also given in figs. 6 and 7.
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Curves A1} fig. 6, and A^ fig. 7 . d = 0-03 in. Curves A2, fig . 6 , and A., fig . 7 .
mercury. screw caliper m ight be very different from th a t due to the w eight of the supported plate, especially in those cases in which several th ick nesses of mica or ebonite were. used. The essential point of this p a rt of the investigation, however, was not the accurate determ ination of spark-length, but the direct comparison of discharge across two spark-gaps known to be of very different length.
The following table, sim ilar to th a t given on p. 107, gives corre sponding values for m inim um potential difference, spark-length, and pressure, as deduced from the curves of fig. 6 :-F ia. 7. 1 he cuive given in fig. 8 represents corresponding values of air pressure and spark-length for minimum potential difference. The points m aiked on this curve by a dot are taken from the results of P art I, those marked by a cross from the results of P art II. The long straight portions of the curve cannot be regarded as quite accurate, for the following reasons :-That portion which lies close to the vertical (pressure) axis refers to the extremely short sparklengths of P a rt I, in m easuring which an error in the screw-reading or in the zero adjustm ent m ight be a considerable fraction of the whole distance, and th at portion which lies close to the horizontal (or spark-length) axis refers to the low pressures of P a rt II, in measuring which a small error m ight again make considerable differ ence. These portions apart, ifc will be noticed th at the more curved portion of the curve is a fairly close approximation to a rectangular hyperbola, as may be seen from the following ta b le : The portions of the curve more distant from the origin show con siderable divergence from the hyperbola, though perhaps, as has been pointed out, not more than might be due to errors of observation.
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The appearance of the spark-discharge changed with the pressure in the usual manner. A t ordinary pressures the discharge was a bright white spark, gradually passing, as the pressure was lowered, into a purplish glow. In the case of the flat and convex discs of P a rt I, the purple discharge, at first central and narrow, gradually spread out and at low pressures filled the space between the plates. The appearance of the spark could not, however, be carefully examined, as the circuit was always broken as soon as discharge occurred in order to avoid damage to the surfaces of the plates. W hen these were examined by breathing on them after a number of sparks had passed at low pressures, it was always found that the p art of the surfaces most affected by the discharge was an annulus at some little distance from the centre. W ith the flat plates used in P a rt TI, the discharge was generally diffused over the space between the plates.
Observations of spark discharge between plates in air at different pressures have been made by W arren de la Rue and H. Muller* and by M acfarlane.f Their results do not present the features to which attention has been called in the present paper, nor could they do so, as the curves for potential difference and pressure for the sparklengths they examined would show no evidence of a minimum poten tial difference at the lowest pressures they considered. In both cases the spark-length was about 0T3 inch, and the lowest pressure 20 mm. of mercury.
In conclusion, I have to express my thanks to Professor J. J. Thomson, to whom I have been indebted for advice and suggestions at every point of this investigation. In connexion with, and during the progress of, the electrical portion of my research on " Electro-chemical Effects on Magnetising Iron," P arts I, I I, and I I I ( ' Roy. Soc. Proc., ' vols. 42,44, and 46) , numerous gravim etric experiments were conducted, with the object of investi gating the influence of magnetisation on the corrosion of iron and steel. I selected as the corrosive fluid a solution of cupric chloride, being partly guided in this choice by the results obtained with solutions of this salt in tbe electrical portion of the investigation.
